Introduction {#Sec1}
============

Precipitation hardening is one of the most effective routes to improve the strength of age-hardening aluminum alloys due to the movement of dislocations being hampered by the precipitates^[@CR1]--[@CR9]^. In general, age-hardenable Al-Mg-Si alloys show a combination of superior mechanical properties, such as high strength, high formability, high weldability and high corrosion resistance, so that they are commonly used in construction materials and automotive components^[@CR3]--[@CR6],[@CR10]--[@CR13]^. A large number of research studies has already been carried out to reveal the precipitation sequences and to understand the correlation between the strength and microstructures, in order to control the size, dispersion, and microstructures of precipitates for further improvement of mechanical properties^[@CR14]--[@CR24]^. The precipitation sequences in Al-Mg-Si alloys are accepted as^[@CR19]--[@CR28]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{array}{rcl}{\rm{supersaturated}}\,{\rm{solid}}\,{\rm{solution}}\,({\rm{SSSS}}) & \to  & {\rm{atomic}}\,{\rm{clusters}}\to {\rm{G}}{\rm{.P}}.\,{\rm{zones}}\\  & \to  & {\rm{metastable}}\,{\rm{\beta }}\mbox{''}\,{\rm{phase}}\\  & \to  & {\rm{metastable}}\,{\rm{\beta }}\mbox{'},\,{\rm{U1}},\,{\rm{U2}},\,{\rm{{\rm B}}}{\rm{\mbox{'}}}\,{\rm{phases}}\\  & \to  & {\rm{stable}}\,{\rm{\beta }}\,{\rm{phase}}.\end{array}$$\end{document}$$

The peak strength of the Al-Mg-Si alloy is known to be caused by the dispersion of β" phase, which can be changed by addition of Mg and/or Si, as well as other elements^[@CR6],[@CR15]--[@CR17],[@CR29]^.

In particular, addition of Cu to the Al-Mg-Si alloys shows large enhancement of the age-hardening kinetics and improvement of the peak hardness, and have been widely applicable for the industrial applications owing to their good mechanical properties compared with the one without Cu^[@CR15]--[@CR17]^. The cause of these phenomena have been considered as the change of precipitation sequences as^[@CR29]--[@CR35]^:$$\documentclass[12pt]{minimal}
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Every single characteristics of precipitates, not only size and dispersion, but also structures and compositions of the precipitates play important roles for the mechanical properties. It is therefore various experimental techniques, mainly microscopies, spectroscopies and diffractometries, have been carried out to reveal the compositions and microstructures of precipitates in detail. Table [1](#Tab1){ref-type="table"} shows an overview of the reported precipitates in Al-Mg-Si-(Cu) alloys.Table 1Overview of the reported precipitates in the Al-Mg-Si-(Cu) alloy.PrecipitatesMorphologyCompositionLattice structure (nm)Ref.G.P. zoneMg~2+x~Al~7-x-y~Mg~2+y~ (1 \< x + y \< 3)Monoclinic *a* = 1.48, *b* = 0.405, *c* = 0.674, *β* = 105.3°^[@CR27]^β"NeedleMg~5~Si~6~ Al~2~Mg~5~Si~4~ Al~3~Mg~4~Si~4~Monoclinic *a* = 1.516, *b* = 0.405, *c* = 0.674, *β* = 105.3°^[@CR20],\ [@CR21],\ [@CR36]^U1NeedleMgAl~2~Si~2~Trigonal *a* = *b* = 0.405, *c* = 0.674, *γ* = 120°^[@CR26]^U2NeedleMgAlSiOrthohombic *a* = 0.675, *b* = 0.405, *c* = 0.794^[@CR23]^B'LathMg~9~Al~3~Si~7~Hexagonal *a* = 1.04, *c* = 0.405, *γ* = 120°^[@CR19],\ [@CR33]^β'NeedleMg~1.8~SiHexagonal *a* = 0.715, *c* = 0.405, *γ* = 120°^[@CR22]^QPNeedleUnknownHexagonal *a* = 0.393, *c* = 0.405^[@CR35]^QCNeedleUnknownHexagonal *a* = 0.670, *c* = 0.405^[@CR35]^CPlateUnknownMonoclinic *a* = 1.032, *b* = 0.81, *c* = 0.405, *γ* = 101°^[@CR34]^LNeedleUnknownUnknown^[@CR31]^Q'NeedleAl~3~Cu~2~Mg~9~Si~7~ Al~6~Mg~6~Si~7~Cu~2~Hexagonal *a* = 1.032, *c* = 0.405, *γ* = 120°^[@CR31],\ [@CR38]--\ [@CR40]^βPlateMg~2~SiCubic *a* = 0.635^[@CR28]^QNeedleAl~3~Cu~2~Mg~9~Si~7~Hexagonal *a* = 1.039, *c* = 0.402, *γ* = 120°^[@CR39]^

The structures and the compositions of β" and Q' precipitates have been studied intensively in past, and those of β" precipitates have been suggested as monoclinic with Mg~5~Si~6~^[@CR21],[@CR36]^, Mg~5~Al~2~Si~4~^[@CR37]^, or Al~3~Mg~4~Si~4~^[@CR20]^ stoichiometry, and those of Q' as hexagonal with Al~3~Mg~9~Si~7~Cu~2~^[@CR31],[@CR38],[@CR39]^ or Al~6~Mg~6~Si~7~Cu~2~^[@CR40]^ stoichiometry. Wenner *et al*. carried out atomically-resolved annular dark-filed scanning transmission electron microscopy (ADF-STEM) with energy dispersive X-ray spectroscopy (EDS) to determine the composition of β" precipitates as Mg~5~Al~2~Si~4~, and Q' as Al~6~Mg~6~Si~7~Cu~2~ from over-aged Al-Mg-Si alloy^[@CR40]^, as decisive experimental evidence. The compositions of these reported over-aged precipitates are expected to be different from under-aged ones. Both compositions and structures of over-aged precipitates should be dependent on the earlier stage of the precipitation, so that the microstructural characterization of under-aged precipitates are necessary for understanding of the transformation of precipitates and their sequences. Moreover, determination of substitutional sites of Cu atoms in β" precipitate is also important for clarification of transformation mechanisms of β" into the other precipitates.

In this work, atomically-resolved ADF-STEM and EDS column mapping were carried out for the characterization of under-aged fine precipitates in both Cu free and Cu added Al-Mg-Si alloys. We present the microstructures and compositions of fine precipitates and discuss the effect of Cu addition for the precipitation sequences in under-aged Al-Mg-Si alloys.

Experimental Method {#Sec2}
===================

Sample {#Sec3}
------

Compositions of two Al-Mg-Si alloys are listed in Table [2](#Tab2){ref-type="table"}. Both alloys were solutionized at 823 K for 1.8 ks, followed by water quenching, and aged isothermally at 453 K for different periods. The variation of hardness with ageing period of both alloys were measured by a Vickers micro hardness tester (MVK-H1, Akashi Co., Japan). Average hardness of both alloys were measured with 0.5 kgf load for a holding time of 10 s from 5 times of measurements.Table 2Composition of the Al-Mg-Si alloys observed in this experiment. (mass%).MgSiCuFeAl4M10S0.4311.0490.0010.122Bal.60160.4321.0070.1720.164Bal.

TEM specimens were prepared by electro polishing machine (Model 110 Automatic Twin-Jet Electropolisher, E.A. Fischione Instruments, U.S.) used with an electrolyte solution composed of 10 vol% of HClO~4~ and 90 vol% of C~2~H~5~OH. Electro polishing was performed below 283 K by liquid nitrogen at a few tens of mA under 20 V.

Clusters (or precipitates) of under-aged alloys for 1.8 ks were examined by combination of atomically resolved HAADF-STEM and EDS in order to analyze the precipitation sequences of under-aged precipitates. Both transmission electron microscopy (TEM) and atomically-resolved annular dark-field STEM (ADF-STEM) characterizations were carried out by JEM-ARM200CF (JEOL, Japan) equipped with a cold field emission gun and a spherical aberration corrector (CEOS, Germany) for the electron probe. TEM was operated at 120 kV to minimize the irradiation damage over the sample during the observation. The semi-angle of probe forming aperture was set between 28 and 33 mrad for the STEM observation. Since precipitates in 4M10S sample should only be composed of light elements, Mg, Al, Si, so that the middle-angle ADF-STEM (MAADF-STEM) with a collection semi-angle of 45--180 mrad was used for the acquisition of the images. On the other hand, high-angle ADF-STEM (HAADF-STEM) with a collection semi-angle of 90--370 mrad was used for the acquisition of images dominated by atomic number contrast (Z contrast) from 6016 sample. In order to minimize the specimen drift and to improve the image quality, series of atomically-resolved ADF-STEM images, as a size of pixels of 512 × 512, were acquired with a scanning pixel dwell time of 3 μs. From each sample, 42 to 70 STEM images were obtained, then the image series were overlayed by a non-rigid registration methods using SmartAlign software (HREM research, Japan)^[@CR41]^.

Column mapping was carried out with a combination of energy dispersive X-ray spectroscopy (EDS) and STEM. The acceleration voltage was maintained at 60 kV in order to minimize the irradiation damage. X-ray spectrum were detected by silicon drift detector with collection solid angle of 2.0 sr. The column maps were acquired as a size of pixels of 256 × 256 with a frame time of 3.0 s, and iterating of the scan.

Results {#Sec4}
=======

Dispersion of precipitates and hardness of the alloys {#Sec5}
-----------------------------------------------------

Figure [1](#Fig1){ref-type="fig"} shows the variation of hardness with ageing period of both 4M10S and 6016 alloys. The hardness of 6016 alloy was 42.8 ± 0.8 HV, which was found slightly harder than that of 4M10S alloy of 38.8 ± 0.3 HV at the shorter period, probably due to the solid solutioning of Cu. The hardness of both alloys became similar to each other at around 300 s, which suggested that the amount of solid solution strengthening by Cu atoms became small due to the precipitation in 6016 alloy and the amount of precipitation strengthening became equal between 4M10S and 6016 alloy. The hardness of both alloys became increased dramatically and reached the peak hardness at 7.2 ks, 112.2 ± 0.8 HV and 104.5 ± 1.2 HV for 6016 alloy and 4M10S alloy, respectively. The hardness of 6016 alloy was found harder than that of 4M10S alloy with further ageing time, which supports the hardness increase by the addition of Cu in Al-Mg-Si alloy, as reported previously^[@CR15],[@CR16]^.Figure 1The variation of hardness with ageing period of 4M10S and 6016 alloys aged isothermally at 453 K.

Figure [2(a,b)](#Fig2){ref-type="fig"} show BF-TEM images of uniformly-dispersed needle-shaped precipitates growing parallel to \<100\> matrix directions from under-aged 4M10S and 6016 alloys, respectively. Typical strain contrasts were also seen around the precipitates, split by a line without contrast parallel to the growth direction of the precipitate. Microstructures of precipitates of 4M10S and 6016 alloys aged for 1.8 ks are summarized in Table [3](#Tab3){ref-type="table"}, and in particular, the length, diameter, and areal density of precipitates were almost the same for both alloys. The hardness of 6016 alloy was found harder than that of 4M10S alloy, which suggests that Cu additions in Al-Mg-Si alloy might have changed the structures of precipitates and resulted the increase of hardness.Figure 2BF-TEM images of the precipitates in the Al-Mg-Si alloys and its SAED patterns. (**a**) 4M10S aged for 1.8 ks. (**b**) 6016 aged for 1.8 ks.Table 3Number of the density, and the size of the precipitates in the both alloys isothermal aged for 1.8 ks at 453 K.4M10S6016Number of the density (m^−2^)3.95 × 10^15^3.85 × 10^15^Length of the precipitates (nm)9.799.17Diameter of the precipitates (nm)2.892.83

Characterization of the precipitates in under-aged alloys {#Sec6}
---------------------------------------------------------

Figure [3(a)](#Fig3){ref-type="fig"} shows a cross-sectional view of β" precipitate in under-aged 4M10S alloy by atomically-resolved MAADF-STEM, where one of the β" sub-unit cell is indicated by a dotted-line circle. Some defects were also present at the vicinity of β" sub-unit cells as indicated by arrows, which makes the distortion of β" unit cell, as schematically drawn in Fig. [3(b)](#Fig3){ref-type="fig"}. Presence of disordered β" precipitates has also been reported in the case of an Al-Mg-Si-Cu alloy^[@CR30],[@CR42]^, due to the precipitation of C, QP, QC, and Q' unit cells at the β" region.Figure 3(**a**) Atomically-resolved MAADF-STEM images of the β" precipitate in under-aged 4M10S. (**b**) Schematic drawing of β" unit cell proposed as Mg~5~Si~6~.

Fig. [4](#Fig4){ref-type="fig"} show four representative sets of images of β" precipitates observed by atomically-resolved HAADF-STEM with its schematic diagrams for under-aged 6016 alloy. Both ordered and disordered β" precipitates were commonly observed, as shown in Fig. [4(a--d)](#Fig4){ref-type="fig"}, respectively. In Fig. [4(a,b)](#Fig4){ref-type="fig"}, β" sub-unit cells forms parallelogram of a unit cell, which consist of 6 sub-unit cells with a few bright atomic columns, indicated by yellow arrow in Fig. [4(a)](#Fig4){ref-type="fig"}. Atomic columns with bright contrast in the ordered β" precipitate is caused by the substitution of Cu atoms of Al, Mg or Si atoms in the β" precipitate.Figure 4Atomically-resolved HAADF-STEM images of the precipitates in under-aged 6016 alloy. (**a**,**b**) shows β" precipitate consisted of unit cell and its schematic drawing. (**c**,**d**) shows disordered β" precipitate and its schematic drawing. (**e**,**f**) shows Cu containing sub-unit structures mixed with ordered and disordered β" sub-unit cells and its schematic drawing. (**g**,**h**) shows the sub-unit cells of Q' phase surrounded by β" sub-unit cells and its schematic drawing.

In the case of disordered β" precipitate shown in Fig. [4(c)](#Fig4){ref-type="fig"}, three-fold symmetric structure was found even without Cu atom (schematically drawn in Fig. [4(d)](#Fig4){ref-type="fig"}), which is very similar to the Cu containing structure, as shown in Fig. [4(e,f)](#Fig4){ref-type="fig"}.

In Fig. [4(e)](#Fig4){ref-type="fig"}, a Cu containing structure with three-fold symmetry were found in β" precipitate, as reported by Ding *et al*.^[@CR42]^, which was termed as "Cu sub-unit cluster". Some of β" sub-unit cells were found disordered in the β" precipitate, probably caused by the presence of Cu sub-unit clusters.

Although metastable Q' phase is known to appear at the later stage of ageing, the Q' sub-unit cells seemed coexisted already with β" sub-unit cells in under-aging period sample, as shown in Fig. [4(g)](#Fig4){ref-type="fig"}, where the presence of Q' sub-unit cells/precipitates were recognized by EDS column mapping, as the structure of hexagonal with Al~3~Mg~9~Si~2~Cu~7~ (shown in Supplement Fig. [1](#MOESM1){ref-type="media"}). In particular, one Q' sub-unit cell was found surrounded by disordered and ordered β" sub-unit cells, and another Q' sub-unit cell was also present at the vicinity of it, as schematically drawn in Fig. [4(h)](#Fig4){ref-type="fig"}. One of the Q' sub-unit cell shows good coherence with the matrix, and the interface between the sub-unit cell and the matrix is uncertain, probably due to the sub-unit cell being halfway stage of the precipitation.

Column mapping of β" precipitate in 6016 alloy {#Sec7}
----------------------------------------------

Figure [5](#Fig5){ref-type="fig"} shows a set of HAADF-STEM image and EDS atomic column maps of β" precipitate in under-aged 6016 alloy, with its schematic diagram. As can be seen in Fig. [5(a--e)](#Fig5){ref-type="fig"}, β" precipitate was found consisting of two β" unit cells and the structure was found consisting of Mg, Al, Si, and slight amount of Cu, as schematically drawn in Fig. [5(f)](#Fig5){ref-type="fig"}. In past, the structure and composition of β" were proposed as monoclinic with Mg~5~Si~6~^[@CR21]^ or monoclinic with Mg~5~Al~2~Si~4~^[@CR37]^, as schematically drawn in Fig. [3(b)](#Fig3){ref-type="fig"}. Furthermore, EDS column maps strongly suggests the presence of Al atoms at Si~3~ and Mg~1~ columns site, where Mg~1~ and Si~3~ sites are indicated in schematic drawing in Fig. [5(g)](#Fig5){ref-type="fig"}. In Si~3~ columns, none of Si atom could be seen, so that Si atoms seemed substituted with Al atoms. On the other hand, Mg atoms were still present in Mg~1~ columns, so that Mg~1~ columns consisted of both Mg and Al atoms. Therefore, the composition of β" precipitate can now be proposed as Mg~5-x~Al~2+x~Si~4~, as schematically drawn in Fig. [5(f,g)](#Fig5){ref-type="fig"}, probably very much similar to the structure of AlMg~4~Al~2~Si~4~ proposed by Hasting *et al*.^[@CR37]^. Furthermore, the locations of substitutional Al atoms, which are Mg~1~ and Si~3~ columns, are also well matched with the one calculated via first principles calculations by Hasting *et al*.^[@CR37]^.Figure 5Atomically-resolved HAADF-STEM image and EDS maps of the β" phase in under-aged 6016 alloy. (**a**) shows HAADF-STEM image. (**b**--**e**) shows chemical map of Al, Mg, Si, and Cu, respectively. (**f**) shows schematic drawing of proposed β" structure from the EDS results. Dotted line circles indicate substitutional site of Cu atoms. (**g**) shows schematic drawing of suggested β" unit cell.

Substitutional Cu atoms were also observed in the β" precipitate, replacing Al sites (Si~3~ columns) as shown in Fig. [5(e)](#Fig5){ref-type="fig"}, which clarified that Cu atoms can substitute with Al atom as a solute atom, not only in the Al matrix but also in the β" precipitate.

Discussion {#Sec8}
==========

Cayron *et al*. proposed the structure of metastable QC, QP, B' (Q') and stable Q as well as the precipitation sequences as^[@CR35],[@CR43]^:$$\documentclass[12pt]{minimal}
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This precipitation sequence of each phase could be explained by the fact that the phases are based on a common hexagonal latent lattice (QP lattice). Recently, more precise sequence of Cu added Al-Mg-Si alloy were proposed by Ding *et al*.^[@CR42]^, where there are several transformation routes to be the stable Q phase via metastable phases as follows:Cu atoms entered in β" evolve to Cu sub-unit clusters and the mixed sub-unit precipitates are formed.The mixed sub-unit precipitates transform into the precipitate containing Q' unit cell (referred to as disordered QP1) and the precipitate containing C unit cell (referred to as disordered QP2).The disordered QP1 transforms to stable Q phase via Q' phase, and the disordered QP2 transforms to Q' or stable Q phase via formation of Cu sub-unit clusters, ordered QP lattice, and ordered QC lattice.

The presence of solute Cu atoms in β" precipitate was recognized qualitatively, as shown in Figs [4(a)](#Fig4){ref-type="fig"} and [5(e)](#Fig5){ref-type="fig"}, which were only present in Al column (Si~3~ column). It is considered that these solute Cu atoms evolve to Cu sub-unit clusters, as proposed by Ding *et al*.^[@CR42]^. Moreover, three-fold symmetric structure without Cu atoms is formed due to the formation of disordered β" (shown in Fig. [4(c,d)](#Fig4){ref-type="fig"}), which is also considered to transform into the Cu sub-unit cluster. The Cu sub-unit cluster then transforms into Q' sub-unit cell in disordered β" precipitate, as shown in Fig. [4(g,h)](#Fig4){ref-type="fig"}. Furthermore, Q' sub-unit cell with good coherence with Al matrix was also observed, as shown in Fig. [4(g,h)](#Fig4){ref-type="fig"}, so that Q' sub-unit cell can also be formed directly at the interface of the disordered precipitate without transformation from the Cu sub-unit cluster. In addition, the disordered Q' precipitate containing Q' unit cell was observed in the sample aged for 1.8 ks, as shown in Supplement Fig. [1](#MOESM1){ref-type="media"}, which suggests that Q' precipitates are also present as a dominant precipitate at under-aging period. Thus, the precipitation sequences in Al-Mg-Si-Cu alloy can be proposed as:Transformation route: β" including solute Cu atoms, disordered β" with three-symmetric structure → Cu sub-unit cluster → Q' → Q.Direct precipitation route: interface between disordered precipitate and Al matrix → Q' → Q.

The structures and compositions of precipitates were different between 4M10S and 6016 alloy at the under-aged period, whereas areal density, length and diameter of the precipitates were almost equal. It is suggested that the strengthening in an Al-Mg-Si alloy by Cu addition is given by the Cu related precipitates, which include Cu sub-unit clusters and Q' sub-unit cells.

Conclusion {#Sec9}
==========

In summary, a combination of atomically-resolved ADF-STEM study and EDS atomic column mapping was carried out to reveal the microstructure and composition of the precipitates at under-aged period in Al-Mg-Si-Cu alloy. We found that β" and Q' were present at under-aged period as dominant precipitates. Q' precipitate would probably be formed not only via transformation from Cu sub-unit cluster, but also at the interface between disordered precipitate and Al matrix directly. EDS column mapping showed that Al atoms were replaced with Mg and Si atoms at Mg~1~ columns and Si~3~ columns in β". The composition of β" at under-aged period were expected as Mg~5-x~Al~2+x~Si~4~ (x ≈ 1). Cu atoms could be present as a solute atom in β", in which the replacement sites were determined as Al site (Si~3~ column).
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